A common genetic variant (V) of luteinizing hormone (LH), with two mutations (Trp
INTRODUCTION
The gonadotropic hormones luteinizing hormone (LH) and follicle-stimulating hormone (FSH), together with thyroidstimulating hormone (TSH) and human chorionic gonadotropin (hCG), belong to the family of glycoprotein hormones. They all are composed of two non-covalently linked subunits, α and β. The α-subunit is common for all glycoprotein hormones, whereas the β-subunits confer the hormonal specificity (1) . The carbohydrate moieties play important roles in determining the biopotencies and circulating clearance rates of glycoprotein hormones. Moreover, there is considerable microheterogeneity in glycosylation according to the physiologic state. Although LH and FSH are synthesized by the same gonadotroph cells of the anterior pituitary, very clear differences occur in their glycosylation, with sulfated structures dominating in LH and sialylated ones in FSH (2) . The function of LH is initiated by its binding to the LH receptor (LHR), a member of the G-protein coupled seven-transmembrane domain receptor family that is primarily expressed in testicular Leydig and ovarian theca, granulosa and luteal cells (3) (4) (5) . The LH-receptor interaction activates a multitude of signaling mechanisms, including adenylyl cyclase, phospholipase C, modulation of Ca 2+ fluxes and mitogen-activated protein kinase (MAPK) (5, (6) (7) (8) . The carbohydrate moieties of the α-, but not the β-subunit, are involved in LHR activation and subsequent signal transduction (9) .
The processing of N-linked oligosaccharides of glycoprotein hormones is tissue and dimer specific. Whereas LH and TSH, synthesized in gonadotropes and thyrotropes, respectively, possess sulfated (SO 4 ) oligosaccharides and N-acetylgalactosamine (GalNAc) at their carbohydrate termini, pituitary FSH and placental hCG bear oligosaccharides terminating with sialic acid and galactose (Gal) (2, 10) . These differences determine the longer circulatory half-lives of FSH and hCG, whereas LH and TSH are cleared faster from the circulation by a hepatic receptor specific for sulfated glycoproteins (1, 2, 11, 12) . For this reason, the physiological relevance of recombinant gonadotropin preparations depends to a great extent on the nature of their glycosylation (see below).
LH action is important for stimulating steroid biosynthesis of the ovary and triggering ovulation, whereas it maintains androgen production of testicular Leydig cells (13) . Strong direct evidence for these functions has been provided by gonadal disorders observed in patients with inactivating mutations of the LHβ and LHR genes (14, 15) , as well as by the recently developed knockout models for the LHR gene (16, 17) . To date, only one inactivating mutation of the LHβ gene has been detected in a male with lack of postnatal sexual development (18) , whereas no germ line mutations are known in the common α-subunit gene. In addition, there is a common polymorphic allele of the LHβ gene, caused by two point mutations and resulting in amino acid changes Trp 8 Arg and Ile 15 Thr, as well as in formation of an extra N-linked glycosylation consensus site (Asn-X-Ser/Thr) by the latter substitution ( Fig. 1 ) (19) (20) (21) . The carrier frequency of this common polymorphism varies from 0 to 53% in various populations (22) (23) (24) . Evidence is mounting that it may predispose its carriers to mild alterations in LH-dependent reproductive functions, including changes of gonadal steroidogenesis, delayed pubertal progression, subfertility, lower incidence of polycystic ovarian syndrome (PCOS), and delayed appearance of breast cancer (15, (25) (26) (27) (28) (29) (30) ; I.Huhtaniemi, P.Salvén and H.Nevanlinna, unpublished data). This variant form of LH (V-LH) is structurally closer to hCG which carries the same two altered amino acids in its β-chain (19) (20) (21) 31) .
To gain better insight into the structure-function relationships of WT-and V-LH, reflecting the molecular basis of the differences observed between carriers of the WT and V-LHβ alleles in clinical observations, recombinant (rec) forms of these hormones were synthesized in human embryonic kidney (HEK 293) cells, purified and studied for their functional and structural properties. Earlier studies have shown that the C-termini of rec LH produced in Chinese hamster ovary (CHO) cells are sialylated in contrast to being sulfated, as is characteristic of pituitary LH. This is due to lack of N-acetylgalactosamine transferase and sufotransferase in CHO cells (2, 32, 33) . It has also been demonstrated that rec bovine and human LHs synthesized in CHO cells have lower in vitro bioactivity than the respective pituitary hormones (2, 32, (34) (35) (36) . It is therefore important for the biological relevance of the information that the carbohydrate structures of recombinant LH resemble as closely as possible those present in the native pituitary hormone. For this reason, HEK 293 cells were selected in this study for the rec LH production, since these cells have previously been shown to sulfate the carbohydrate moieties of glycoproteins in closely similar fashion to that observed in pituitary cells (37) (38) (39) .
RESULTS

Purification of the rec WT-and V-LH
The synthesized rec LHs were purified employing redsepharose CL-6B affinity, immunoaffinity and fast protein liquid chromatography (FPLC) Mono Q anion exchange chromatography (Fig. 2 ). Progesterone (P) production was determined as index of bioactivity during each step of purification. Increasing concentrations of rec WT-and V-LH (0-1000 µg/l) showed dose-dependent stimulation of P synthesis in mLTC-1 cells (Fig. 2A) . The potency of V-LH was ∼4-fold higher over WT-LH, whereas the ED 50 s of these LH preparations were (31, (63) (64) (65) . Three exons (E1, E2, E3) and two introns (I1, I2) and the glycosylation consensus sequence at position 13 (underlined) in V-LHβ, are illustrated.
found to be 8-11 µg/l. Figure 2B shows the elution pattern and assessment of bioactivity of the WT-and V-LH on red-sepharose CL-6B column. Maximum elution of the LHs occurred at 0.5 mol/l of KCl; however, 3.0 mol/l KCl was used for their complete recovery. The pooled immunoreactive LH fractions (P-II) showed significant stimulation of P production, when compared at a sub-maximal concentration (10 µg/l; corresponding to ∼60 IU/l) of the two rec LHs (Fig. 2B, inset) . The pooled and dialyzed materials obtained from red-sepharose affinity chromatography were re-chromatographed on immunoaffinity column to achieve further purification. As illustrated in Figure 2C , a small unbound peak (IA-I) was eluted upon washing Figure 2 . Purification of the rec WT-and V-LH, and assessment of their biological activities, based on stimulation of P production at various steps. MLTC-1 cells were stimulated for 6 h with increasing concentrations of the rec LHs (0-1000 µg/l), and P levels in the media were determined by RIA (A). (B) Elution profile of WT-(closed circles) and V-LH (open circles) on red-sepharose CL-6B column chromatography. Biological activity of pooled peak-II (P-II) fractions in terms of P production was tested using 10 µg/l of rec LHs (inset). (C) Elution profile of WT-(closed circles) and V-LH (open circles) on immunoaffinity chromatography. Separation of unbound from bound materials was carried out by washing the column with buffer A (10 mmol/l sodium phosphate + 0.6% saline, pH 7.2). Bound materials were eluted with buffer B (buffer A + 3.0 mol/l NaI), as described in Materials and Methods. Pooled IA-II fractions were assessed for their bioactivity by mLTC-1 cell P synthesis (inset). (D) Elution profile of WT-(closed circles) and V-LH (open circles) on FPLC Mono Q anion exchange chromatography. After loading the materials, the column was washed with buffer A (20 mmol/l Tris-HCl pH 6.5) to remove unabsorbed materials, whereas adsorbed materials were eluted with buffer B (buffer A + 1.0 mol/l NaCl), as described in Materials and Methods. Inset, bioactivity of Mono Q P-II fractions in P production using 10 µg/l of the rec LHs. P levels measured are the means ± SEM of 3-5 experiments.
the column with buffer A (Materials and Methods). The bulk of the rec LHs was eluted with buffer B, as demonstrated by a clear immunoreactive peak (IA-II). Bioassay of the pooled IA-II fractions showed 7-and 9.5-fold increases in P production with WT-and V-LH, respectively, over non-stimulated cells (Fig. 2C,  inset) . The final purification upon FPLC Mono Q anion exchange chromatography (Fig. 2D ) demonstrated an unabsorbed peak (P-I) during washing of the column with starting buffer A, while an absorbed peak (P-II) was eluted with buffer B at ∼60% of the NaCl gradient. Assessment of bioactivity of fractions P-II (10 µg/l) in terms of P production documented, as with the less pure fractions, higher bioactivity for V-LH than WT-LH (Fig. 2D, inset) .
The purities of the rec LH preparations were analyzed by SDS-PAGE (using 5 ng) during the progress of purification. The data presented in Figure 3 show that rec LHs obtained upon ultrafiltration exhibited several molecular weight protein bands (lanes 2 and 3). Stronger bands appearing at higher molecular weight were most likely due to aggregation of proteins in both cases. The P-II fraction on red-sepharose CL-6B column demonstrated significant removal of the non-specific protein bands (lanes 4 and 5). Mono Q P-II fraction showed a clear single band of 31 kDa in size in both cases. Table 1 summarizes the purification procedure. The yield of immunoreactive LH protein gradually decreased as the specific activity and fold of purification increased. The recoveries of these LH preparations upon red-sepharose CL-6B column were 70 and 75% for WT-and V-LH, respectively, while the degree of purification was found to be 100-fold in both cases. Using immunoaffinity chromatography, the specific immunoreactivity of the LHs increased to ∼9000 IU/mg, with a recovery of ∼50% in both preparations. Finally, FPLC Mono Q chromatography resulted in ∼180-fold purification of rec WT-and V-LH, with yields of ∼1.4 and 1.2 mg, respectively. The specific activities of the purified rec WT-and V-LH preparations were 11876 and 12052 IU/mg, respectively.
Effects of the rec LHs on steroidogenic acute regulatory protein (StAR) mRNA expression and cAMP production
The biopotency of V-LH over WT-LH was ∼4-fold higher in terms of P production, which was consistent during the process of purification (Fig. 2) . To further ascertain the stimulatory Figure 3 . Assessment of purity of the rec WT-and V-LH preparations by SDS-PAGE. Rec LH preparations (5 ng) from different steps of purification (lanes 2-9) as indicated, were electrophoresed on SDS buffer strips as described in Materials and Methods. The protein bands were visualized with silver staining. Molecular size markers are shown on both sides (lanes 1 and 10). Table 1 . Summary of purification of the rec WT-and V-LH The rec LHs were purified employing following steps, in consideration with their synthesis into the media. Fold of purification was calculated using specific activity of the rec LHs (WT, WT-LH; V, V-LH), considering pooled media as 1.
Steps
Immunoactivity (U)
Fold of purification activity of V-LH on steroidogenesis, expression of the StAR gene, shown to be acutely involved in regulating steroid biosynthesis, was investigated. Figure 4 illustrates dose-dependent induction of StAR mRNA expression with increasing concentrations of the rec LHs (0-100 µg/l), and ∼2-fold higher biopotency of V-LH compared with WT-LH. These data corroborate the higher potency of V-LH in stimulation of P production ( Fig. 2) , and the interdependence of StAR expression and steroidogenesis.
The in vitro bioactivity of rec WT-and V-LH was further assessed by determining cAMP production, in comparison to hCG (CR-127) and human rec LH produced in CHO cells [WT-LH (CHO), Organon], utilizing mLTC-1 cells (Fig. 5) . Dose-dependent cAMP responses were observed with increasing hormone concentrations (0-1000 µg/l), and the maximum response to V-LH was found to be ∼25% higher than that evoked by WT-LH (Fig. 5) . The ED 50 s of the different hormone preparations did not show significant differences, ranging between 12-17 µg/l.
In vivo half-lives of the rec LH/hCG preparations, and their effects in ovulation induction
To characterize the eventual differences in in vivo behavior of the different LH/hCG preparations, we evaluated their circulating clearance rates after injection into rat circulation. The values are the means ± SEM of three independent experiments. The asterisks represent significant differences over WT-LH at the specific concentrations indicated. *, P < 0.05; **, P < 0.01. Chronically catheterized adult male rats were treated with cetrorelix, followed by intravenous injections of the hormones (750 IU/rat), as described in Materials and Methods. Venous blood samples were obtained at indicated times (0-300 min), and serum hormone levels were determined. The data represented are the means ± SEM of six to nine rats per group. cells apparently reflects the differences in glycosylation between the two cell types, demonstrating sulfated and sialylated LHs, respectively.
Since V-LH appeared to have higher in vitro bioactivity than WT-LH, we next assessed whether the same difference prevailed in vivo in induction of ovulation of adult female rats primed with PMSG. The data presented in Figure 7 demonstrate that rats injected with increasing amounts of WT-and V-LH (0-100 IU/l) did not show significant differences in ovulation induction. Ovulation was absent or observed in a part of the animals with the lower dose of the rec LHs (up to 25 IU/l), while at the highest dose of 100 IU/l, both LH forms were capable of ovulating all animals with quantitatively similar yield of oocytes.
Receptor binding of the rec LHs
To corroborate the in vitro findings, we next analyzed ligandbinding activities of the rec LHs utilizing intact mLTC-1 cells. Displacement of specific [ 125 I]iodo-hCG binding increased gradually with increasing concentration of unlabeled hormones (rec LHs and hCG), and 50% displacement was observed with all hormones at ∼45 µg/l (Fig. 8A) . In fact, no significant differences were observed with WT-and V-LH in displacing [ 125 I]iodo-hCG binding. The equilibrium dissociation constants (Kds) of these hormones, as calculated from Scatchard plots (Fig. 8B) , were between 0.39 and 0.42 nmol/l, also indicating that the mutational changes in V-LH did not affect its affinity to the LHR.
Influence of the rec LHs on inositol phosphate (IP 3 ) production and on ElK1 trans-reporting MAPK activity
The biopotency of V-LH in signal transduction was evaluated further in terms of IP 3 production. HEK 293 cells transfected with human LHR demonstrated a dose-dependent increase in IP 3 production in response to increasing concentrations (0-3000 µg/l) of the rec LHs (Fig. 9A) . The maximum response was 1.8 ± 0.15-fold higher with V-LH in comparison to WT-LH.
Furthermore, the effects of WT-and V-LH were studied on the MAPK signaling pathway. HEK 293 cells were transfected with the ElK1 trans-activator plasmids followed by stimulation with two concentrations of the rec LHs (10 and 100 µg/l). The results presented in Figure 9B demonstrate that V-LH augmented 2-3-fold higher stimulation of MAPK-mediated luciferase activity than WT-LH at the hormone concentrations used. 
Mass spectrometric (MS) analysis of the carbohydrate structures of WT-and V-LH
To elucidate further the structural differences of V-LH and WT-LH, we carried out MS analysis of their N-linked glycans. These residues were enzymatically released from the protein and the glycans were analyzed using both positive and negative ion matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS).
The positive ion MS profile of WT-LH showed 10 prominent ions, and the corresponding N-linked structures are presented in Figure 10A . As illustrated in Figure 10B , MS analysis of the same sample by negative ion extraction showed a different set of eight glycoforms. Positive ion MALDI-MS analysis of the V-LH sample suggested the presence of 13 glycans, together with their N-linked structures (Fig. 11A) . Interestingly, mass analysis with negative ion extraction of V-LH glycans yielded a significantly different finding with a total of 23 N-linked glycans (Fig. 11B) . Separate positive and negative ion MALDI-MS analysis usually provides the greatest sensitivity for independent assessment of neutral and acidic glycans, but the relative abundance between the glycoforms cannot be accurately assessed. A relative comparison of all glycotypes (acid and neutral) can be achieved by methylation which blocks the ionic character of individual species, but this chemical step requires larger amounts of sample, not available for this assay. These results document that mutations in the LHβ gene clearly affect high mannose processing in the V-LH, which might be associated with the functional consequences documented both in vivo and in vitro.
DISCUSSION
Gonadal development, maturation and reproductive functions are intricately regulated by the two gonadotropins, LH and FSH (1, 40, 41) . Structural alterations, caused by mutations in genes of gonadotropins or their cognate receptors, have been found in abnormalities of reproductive function (14, 15) . Also milder genetic alterations, due to polymorphisms of these genes, have been demonstrated to have phenotypic effects in both sexes (24) (25) (26) (27) (28) (29) (30) (31) 42 ). The present investigation was focused on exploration of the structure-function relationships of WT-and V-LH using recombinant forms of these hormones. The biochemical and functional differences of these two rec LH forms provide a clear molecular basis for the clinical observations on their differential phenotypic effects. Besides the amino acid alterations caused by the two point mutations, the clear differences in their glycosylation, demonstrating incomplete processing of the N-linked high mannose glycans (Man 5, 8, 9 ) in rec V-LH, apparently contribute to the functional differences observed between WT-and V-LH in vivo and in vitro.
To elucidate the physiological relevance of the LHβ mutations, rec WT-and V-LH were produced in HEK 293 cells, by cotransfecting the common α-subunit gene with either WT-or V-LHβ gene. This procedure has been shown not to affect the assembly of α-and β-subunits or secretion of the dimer of hCG and LH in CHO cells (43) . Purification of the rec LHs was carried out by red-sepharose CL-6B affinity, immunoaffinity and FPLC Mono Q anion exchange chromatography. Among the procedures employed, Mono Q anion exchange chromatography was critical for achieving pure rec LHs. SDS-PAGE analysis of the purified materials revealed a sharp band of ∼31 kDa with both LH preparations, in accordance with the known molecular size of LH of 32-33 kDa (1,33) . The apparent slight difference in molecular weight may be due to the pattern of glycosylation, N-acetyl-neuraminic acids and sulfate contents (2, 33, 36, 44) . Figure 9 . Effects of rec WT-and V-LH on IP 3 production, and activity of the MAPK pathways. (A) HEK 293 cells were transiently transfected with pcDNAneo-hLHR using the lipofectamine method. 24 h after transfection, cells were labeled with [ 3 H]inositol as described in Materials and Methods. Cells were stimulated (60 min) with increasing concentrations of the rec LHs (0-3000 µg/l) in the presence of 12.5 mmol/l LiCl, and IP 3 levels in the cell extract were determined. The results are the means ± SEM of three independent experiments. The asterisks represent significant differences in comparison to control. *, P < 0.05; **, P < 0.01, ***, P < 0.001. (B) HEK 293 cells were transfected with ElK1 trans-reporting plasmids. 36 h later, cells were stimulated for 8 h with two different concentrations of the rec LHs (10 and 100 µg/l). Luciferase activity in the cell lysate was determined. The results represent the means ± SEM of four independent experiments. pFR-luc, reporter plasmid; pFA2-ElK1, pathway-specific fusion trans-activator plasmid; pFC2-dbd, GAL4 DNA binding domain (dbd) that lacks the specific activation domain (EIK1).
Although the in vitro bioactivity of V-LH in terms of mLTC-1 cell P production was higher, the distribution pattern of isoforms of the rec LHs was rather similar at pI range 6.6-7.8 (data not shown), in agreement with previous findings (33, 45) .
The degree of purity of the rec LHs obviated potential interference of contaminating molecules, and provided the opportunity to characterize eventual effects of the two point mutations on carbohydrate composition. The MS glycan profiles observed with the rec LHs were in general agreement with those of other pituitary glycoprotein hormones, including differences in galactose, GalNAc, sialic acid and sulfate contents (2, (33) (34) (35) (36) 44, 45) . However, very clear differences were observed in the profiles of WT-LH and V-LH, especially in the abundance of high mannose glycans (Man 5, 8, 9 ), which might be related to the functional differences observed. The mutations may have altered Golgi trafficking where the resultant structure is the consequence of a different set of glycosyltransferases. It was surprising to note that the two amino acid changes in the LH chain had such dramatic effects on quality of glycosylation.
The conformational changes at the N-terminus on V-LHβ, i.e. amino acid substitutions of the two hydrophobic residues at codon 8 and 15 from Trp to Arg and Ile to Thr, respectively, could induce greater N-terminal hydrophilicity that might affect functional properties of the hormone. The Trp 8 Arg substitution in the V-LH molecule has been shown to be predominantly responsible for the altered functional characteristics of V-LH in vitro and in vivo (31) . A recent study demonstrated the presence of several point mutations in the V-LHβ promoter sequence which was ∼50% more active than the WT-LHβ promoter along with several differences in response to hormonal stimulation (46) . These characteristics of the WT-and V-LHβ promoters probably contributed to the difference observed in their physiological functions. The occurrence of V-LH in women has been shown to correlate with reproductive abnormalities, including menstrual disorders, PCOS, protection from breast cancer, and subfertility (Introduction).
Our results show that V-LH binds to LHR with similar affinity to WT-LH, as demonstrated in monitoring Kd value (∼0.4 nmol/l) and in ovulation induction, suggesting that receptor-ligand interaction is not altered. However, V-LH demonstrated increased bioactivity in P and cAMP accumulation in mLTC-1 cells, while the ED 50 values were found to be between 8 and 17 µg/l in both cases. The rec LH forms behaved in vitro and in vivo in identical fashion with hormones present in circulation of homozygotes for the WT-or V-LHβ alleles (22) . The increased steroidogenic response to V-LH in terms of P accumulation was further confirmed by determining StAR gene expression, which has been shown to be intimately associated with steroid hormone biosynthesis (47) . The increased bioactivity of V-LH in mLTC-1 cells, as monitored by their cAMP, P and StAR mRNA responses, was further confirmed in non-steroidogenic cells. In accordance, the HEK 293 cells expressing human LHR cDNA demonstrated higher response of IP 3 production and MAPK activation to V-LH than to WT-LH.
The Ile to Thr alteration introduces a new consensus site for N-glycosylation at Asn 13 of the LHβ protein. Recent studies demonstrated that Asn 13 could be glycosylated in V-LH, resulting in four terminally sulfated carbohydrate side chains in comparison to three in the WT-LH, and the altered function could be attributed to a number of factors (31, 48) . The hormonal potency may depend on glycan sulfation and/or sialylation of Asn-linked oligosaccharides affecting the net charge on the molecule, and these mutations may alter the determinants critical for GalNAc and SO 4 addition. Subsequently, the importance of the Asn 13 in hCGβ and bovine LHβ has been shown for hormonal binding and signal transduction (49, 50) .
Previous reports from this (22, 51) and other (31) laboratories provide evidence that the bio-immuno ratio of V-LH homozygotes is higher than that of WT-LH controls. Our current data also show that V-LH has a shorter half-life (5-9 min) in rat circulation, in comparison to WT-LH (12-22 min), WT-LH in CHO cells (25-34 min) or hCG (50-70 min), which are in general agreement with the previous findings on serum LH from WT-or V-LH homozygotes (22) . The faster clearance rate of V-LH was unexpected since the mutational changes in V-LHβ bring it structurally closer to hCGβ, which has a longer circulating clearance rate in rats (52) . It has been demonstrated that rec glycoproteins produced in CHO cells possess sialylated carbohydrates that affect the circulating half-life (33, 37, 39, 53) . Indeed, our studies clearly demonstrated that the in vivo half-life of rec WT-LH produced in CHO cells was clearly longer than that produced in HEK 293 cells, which is a consequence of glycan capping with neuraminyl or sulfate residues in the latter (37, 39) . These data are consistent with terminally sulfated oligosaccharides in pituitary LH, which are known to be involved in its rapid clearance from the circulation (12, 32) . Moreover, the higher valency of sulfated carbohydrate moieties in V-LH (four versus three in WT-LH) is the likely explanation for its shorter half-life, since it would probably be more actively eliminated from circulation by the hepatic receptor for sulfated glycoproteins (12, 54) . Several studies have demonstrated that sulfation could occur on numerous glycan moieties other than GalNAc (55-58); however, its consequences in case of V-LH require further investigation.
The mutations of glycoprotein hormones so far reported have concerned with inactivating alterations. A deletion in the second and third nucleotides of Val 61 in the FSHβ gene is associated with primary amenorrhea (59), while a nonsense mutation in TSHβ caused familial hypothyroidism leading to infertility (60) . A point mutation (Gln 54 Arg) in the LHβ gene has been shown in a male patient with hypogonadism (18) . In contrast, the alterations in LHβ gene in the present study showed activation of the different signal transduction pathways in vitro. Suganuma and co-workers (19, 25) observed that four out of five homozygotes associated with menstrual disturbances including these mutations exhibited hypersecretion of LH following gonadotropin-releasing hormone (GnRH) administration, a situation closely resembling PCOS (61) .
In the present findings, the high mannose structures observed in V-LH may suggest incomplete maturation of glycan chains, altering the molecule's surface topology and subsequent functional roles. Since all signaling pathways of LH action were similarly affected by V-LH, i.e. no effect on ED 50 , but clear increase in maximal response, we can conclude that the divergence between magnitude of the different pathways is not affected by the mutational alterations of V-LH. This is in contrast to recent findings on a constitutively activating mutation of the LHR, where a specific alteration appears to activate the cAMP and IP 3 pathways to different extents (62) . Collectively, purification of the synthesized rec forms WTand V-LH has provided an opportunity to evaluate the structure-function relationships of the latter hormone. The increased in vitro bioactivity of V-LH with shorter in vivo half-life may affect gonadal function at various levels and be responsible for the multiple, albeit mild, reproductive disorders detected in carriers of the V-LHβ allele.
MATERIALS AND METHODS
Plasmids and transfections
The mutations in exon 2 of the LHβ gene (including three exons and two introns) at codons 8 and 15, from Trp (TGG) to Arg (CGG) and Ile (ATC) to Thr (ACC), respectively, were constructed by site-directed mutagenesis (Fig. 1) . Mutational changes were confirmed by sequencing with fluorescent dye termination reaction (Prism Ready Reaction Dye Termination Cycle Sequencing Kit) using automated sequencer (Perkin-Elmer, Foster City, CA). The full-length LHβ gene (1511 bp), a BglII-BamHI fragment, was inserted into eukaryotic expression vector PM 2 ( Fig. 1) , downstream of the Harvey murine sarcoma virus long terminal repeat as described previously (31, 63, 64) . The PM 2 containing 2.4 kb α-minigene (a BamHI fragment) has two coding regions (exons 2+3 and 4), a single intron and polyadenylation signals 3′ to exon 4 (63, 65) .
HEK 293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM)-Ham's F-12 (1:1; Life Technologies Inc., Gaithersburg, MD), supplemented with 10% fetal calf serum containing antibiotics (6) . Transfection studies were carried out at 65-75% confluency of cells by lipofectamine (Life Technologies Inc.), using a 2:1 ratio of the α-subunit minigene (31,63-65) with either WT-or V-LHβ genes. Following 48 h of transfection, rec LH levels were determined in media by immunofluorometric assay (IFMA, Delfia LH Spec, Wallac, Turku, Finland). For generation of clonal lines, cells were trypsinized and split into selection medium containing 800 µg/l of geneticin (G418, Sigma Chemical Co., St Louis, MO). Following 3-4 weeks, resistant colonies were picked, expanded and screened for the level of LH production.
For studying the effects of rec LHs on IP 3 response, HEK 293 cells were transiently transfected (as above) with the full-length human LH receptor (hLHR) cDNA, a NheI-BamHI fragment (2.1 kb) (6), cloned into pcDNAneo 3.1 (Invitrogen, San Diego). The pathdetect EIK1 trans-reporting plasmids (Stratagene) were used for evaluating the MAPK pathway.
Synthesis of the rec WT-and V-LH and their immunoassay
The clonal lines of choice, WT-78 and V-24, were subsequently cultured in the presence of 300 mg/l of G418. The culture was initiated in DMEM/F-12 growth medium supplemented with 360 mg/l of L-glutamine (Merck, Darmstadt, Germany). The glucose and lactate levels were frequently determined in the media. Finally, serum-free medium was used containing 0.5 µg/l insulin, 5 mg/l transferrin and 1 µmol/l of 2,3-dehydro-2-deoxy-N-acetyl-neuraminic acid.
The production of rec LHs in the media was determined by a solid phase, two-site IFMA based on a direct sandwich technique (Delfia LH Spec). In the first step, hLH reacted with the monoclonal antibodies directed against a specific antigenic site of the hLHβ subunit, and in the second step, europiumlabeled antibodies specific to another antigenic epitope of the hLHβ subunit were reacted with hLH or its β-subunit bound to the solid phase antibody. The standard for the assay was calibrated with the WHO 2nd International Reference Preparation for pituitary LH immunoassay (80/552). The concentrations of rec LHs used in the subsequent experiments were calibrated using this assay. The LH Spec assay detects WT-and V-LH with similar stoichiometry (23, 31) .
Purification of the rec LHs
The media collected from the WT-and V-LH expressing cells were first concentrated using the Pellicon™-2 ultrafiltration (Millipore Corporation, Bedford, MA) system. The concentrated rec LHs were further purified using the following steps:
(i) Red-Sepharose CL-6B chromatography. The first step of purification was carried out with red-sepharose CL-6B column (Amersham Pharmacia Biotech, Uppsala, Sweden). The column (1.8 × 32 cm) was equilibrated with sodium phosphate buffer (25 mmol/l, pH 6.8) in a cold room (4-6°C), at a flow rate of 20 ml/h. Before loading, the materials (WT-and V-LH) were passed through a sterile 0.2 µm filter (Gelman Sciences, Ann Arbor, MI), equilibrated by dialysis with eluting buffer containing NaCl (50 mmol/l). The materials were loaded onto the column and allowed to bind for 60-90 min, and washed thereafter with starting buffer, as described previously (33) . Bound proteins were eluted with different concentrations of KCl (0.5, 1.0, 2.0 and 3.0 mol/l), and the fractions collected were measured for their LH immunoreactivity, pooled, dialyzed and processed for the next step of purification. (ii) Immunoaffinity chromatography. This step was performed using cyanogen bromide (CNBr)-activated Sepharose 4 Fast Flow matrix (Amersham Pharmacia). The coupling of monoclonal anti-hLH (5303; Medix Biochemica, Kauniainen, Finland) to matrix was carried out following the manufacturer's instructions, with minor modifications. Briefly, the coupling was performed at 4°C for 12-16 h, and anti-LH tagged sepharose was then loaded onto the HR 10/10 column (Amersham Pharmacia). The pooled fraction obtained on red-sepharose CL-6B chromatography was concentrated and equilibrated with buffer A (10 mmol/l sodium phosphate containing 0.6% saline, pH 7.2) using centrifugal concentrators (Centriprep-10; Amicon Inc., Beverly, MA), loaded onto the column, and allowed to bind for 4-6 h at 4°C. Bound LH was eluted with buffer B, i.e. buffer A containing 3.0 mol/l sodium iodide (NaI) as a chaotropic agent. The immunoreactive peak fractions were pooled, dialyzed against 10 mmol/l PBS pH 7.2, lyophilized and stored at -70°C. (iii)FPLC. The immunoaffinity pooled fraction was reconstituted in Tris-HCl buffer (20 mmol/l, pH 7.2), desalted and subjected to FPLC Mono Q anion exchange chromatography (Amersham Pharmacia). The column (HR 5/5) was equilibrated with buffer A (20 mmol/l Tris-HCl pH 6.5), at a flow rate of 0.5 ml/min. The adsorbed materials were eluted with buffer B, i.e. buffer A containing 1.0 mol/l NaCl. The immunoreactive peak fractions were pooled, lyophilized and stored at -70°C for further studies.
SDS-PAGE
The purities of WT-and V-LH during the process of purification were assessed by PhastGel ® gradient system using SDS buffer strips (Amersham Pharmacia). The samples (5 ng) were prepared into sample buffer containing 10 mmol/l Tris-HCl, 1.0 mmol/l EDTA pH 8.0, treated with 5% SDS, 10% β-mercaptoethanol, and heated at 80-100°C for 5 min, followed by electrophoresis, run with low molecular weight protein markers. Following completion of the run, gels were silver stained using an automatic development program (Amersham Pharmacia).
Assessment of in vivo bioactivity of the rec LHs in ovulation induction and circulatory clearance rate
Mature female Sprague-Dawley rats (180-230 g), were housed under controlled lighting schedule (14 h light and 10 h darkness), fed commercial diet and water ad libitum. The rats primed with gonadotropin (PMSG, 10 IU/100 g body weight; Sigma) were injected in the presence of increasing doses of the rec LHs (0-100 IU/rat). A control group was maintained with physiological saline. Following 24 h, the rats were killed with CO 2 asphyxia, and the numbers of ovulated oocytes were counted in oviducts (33) . Circulating half-lives of WT-and V-LH were determined in adult Sprague-Dawley male rats in comparison to hCG and WT-LH produced in CHO cells [WT-LH (CHO); Organon, Oss, The Netherlands]. A technique of chronical intravenous catheterization was used, as described previously (66) . The rats were first treated with the GnRH antagonist cetrorelix (ASTA, Frankfurt am Main, Germany; 100 µg/rat), followed by intravenous injection of the LH/hCG preparations (750 IU/rat). At specified times (0-300 min), blood samples were collected, serum separated, and hormone levels were measured (33, 66) .
The animals were maintained in accordance with guidelines of the Turku and Geneva University Ethical Committees for the Use and Care of Experimental Animals, and appropriate permissions were obtained for the experiments.
Efficacy of the rec WT-and V-LH in receptor binding
Radiolabeling of hCG (CR-127; biological potency 14 900 IU/mg, NIH, Bethesda, MD), and [ 125 I]iodo-hCG binding studies were carried out using intact mLTC-1 cells, as described previously (6) . The specific activities of the labeled hormone batches were found to be between 27 and 35 Ci/g. For displacement studies, 2.5 × 10 5 cells were incubated with [ 125 I]iodo-hCG (∼150 000 c.p.m.) either in the absence (total) or presence (non-specific) of increasing amounts of unlabeled hCG (CR-127) or rec LHs (0-1000 µg/l). The reaction was terminated by placing the tubes on ice after overnight incubation, and followed by 3 ml ice-cold mixture of Dulbecco's PBS (10 mmol/l, pH 7.2)-BSA (0.1%). Specific binding was determined by subtracting non-specific binding from total binding in a γ-spectrometer (1260 Multigamma II, Wallac). The affinities (Kds) of these hormones were determined by converting the binding inhibition data into Scatchard plots (6) .
Isolation of RNA, and RT-PCR analysis
Total RNA was extracted from different stimulation groups following the single step acid guanidinium thiocyanatephenol-chloroform extraction method (67) . The isolation and amplification of mouse (mLTC-1) StAR cDNA was carried out as previously described (68, 69) . The primer pairs used were: StAR sense 5′-GACCTTGAAAGGCTCAGGAAGAAC-3′ (bases 51-27) and antisense 5′-TAGCTGAAGATGGACAGA-CTTGC-3′ (bases 931-908). The variation in RT-PCR efficiency was determined by L19 ribosomal protein gene co-amplified in each sample using specific primer pairs (69) . RT and PCR of the target genes were sequentially run in the same assay tube with 2 µg of total RNA, using a previously described procedure (68, 69) . Briefly, the reaction was started at 50°C for 15 min (RT), followed by denaturation at 97°C for 5 min. The PCR was then run for 17 cycles, defining denaturation at 96°C for 1.5 min, annealing at 55°C for 1.5 min and extension at 72°C for 5 min (PTC-200, Peltier Thermal Cycler; MJ Research, Waltham, MA). A final cycle of extension at 72°C for 15 min was included. The PCR products were examined in 1.2% agarose gel. The gels were then vacuum dried and exposed to Fuji X-ray film (Tokyo, Japan) at 4°C for 1-3 h. The relative mRNA levels of StAR and L19 were quantified by phosphorimaging and densitometry (Tina 2.0 Package, Straubenhardt, Germany).
Effects of the rec LHs on IP 3 production, and on pathdetect ElK1 trans-reporting assay HEK 293 cells were transiently transfected with human LHR expressing plasmid pcDNAneo-hLHR (see above). Briefly, 24 h after transfection, cells (2.5-3 × 10 5 cells/well in 6-well plate) were labeled for 24-30 h using 2 µCi/ml of [ 3 H]-inositol (NEN Life Sciences Products Inc., Boston, MA). After washing, cells were stimulated for 45-60 min with increasing concentrations of WT-and V-LH (0-3 × 10 4 µg/l) in the presence of 12.5 mmol/l LiCl. The incubation was terminated by addition of ice-cold perchloric acid to a 2.5% final concentration. The supernatants were equilibrated with 1.5 M KOH and recollected by centrifugation. IP 3 levels in the cell lysate were determined in AG-1 anion exchange column (Bio-Rad, Hercules, CA), as previously demonstrated (70) . The radioactivity in different fractions was counted in a β-spectrometer.
The effects WT-and V-LH were assessed on the MAPK pathway employing trans-reporting assay (Stratagene). In brief, HEK 293 cells were transfected with trans-activator plasmids using lipofectamine (Gibco BRL). Following 36 h, cells were stimulated for 8 h with two different concentrations of WT-and V-LH (10 and 100 µg/l), and luciferase activity in the cell lysates was determined (chemiluminescence), using 1251 luminometer (BioOrbit, Turku, Finland).
Mass spectrometry
The FPLC purified rec LHs were analyzed by MALDI-MS. Spectra were taken on a TofSpec-E time-of-flight mass spectrometer (Micromass, Manchester, England) equipped with delayed extraction. These MALDI-MS measurements were carried out using a nitrogen laser (337 nm, 4 ns pulse) operated in either the reflectron (20 kV accelerating voltage) or linear mode (25 kV accelerating voltage), as described previously (71, 72) . Both positive and negative ions were accelerated to 20 kV after 80 ns delay. The positive ion extraction was carried out with 2,5-dihydroxybenzoic acid (DHB) matrix, whereas for negative ion extraction the matrix used was 2´,4´,6´-trihydroxyacetophenone (THAP).
Determination of progesterone and cAMP
The culture and maintenance of mLTC-1 mouse Leydig tumor cells (73) were carried out in Waymouth's growth medium, as described previously (68, 69) . Cells were stimulated either for 2 h (cAMP) or 6 h (P) in the presence of 0.25 mmol/l 3-isobutyl-1-methyl xanthine (IBMX), with varying concentrations of hormones as specified elsewhere. cAMP and P levels in the media were assessed by specific RIAs (74, 75) .
Data analysis
The data presented are the means ± SEM, unless otherwise indicated. The statistically significant differences were analyzed by one-way analysis of variance (ANOVA), followed by Fisher's protected least significant differences test using the Statview program (Abacus Concepts Inc., Berkeley, CA) fitted with the Macintosh computer. P < 0.05 was considered statistically significant.
